between pre-operative activation and strength and postoperative activation and strength. Results Pre-operative activation was not associated with post-operative strength (R 2 = 0.064, P = 0.186). Pre-operative quadriceps activation and strength were associated with post-operative activation (R 2 = 0.383, P ≤ 0.001) and strength (R 2 = 0.465, P ≤ 0.001), respectively. Conclusions Individuals with better pre-operative quadriceps activation demonstrated greater post-operative activation. Similarly, individuals with better pre-operative strength demonstrated better post-operative strength. Pre-operative quadriceps activation was not a predictor of post-operative strength. From a clinical perspective, our work indicates that clinicians should utilize therapies targeting both quadriceps activation and strength prior to ACL reconstruction in order to maximize these factors post-ACL reconstruction, as pre-operative activation and strength are related to post-operative activation and strength, respectively at return-to-activity.
progression of post-traumatic osteoarthritis [36] . Given that the failure to restore quadriceps strength has deleterious consequences to the knee, it is critical to develop rehabilitative approaches capable of maximizing quadriceps strength deficits following ACL reconstruction.
Quadriceps activation failure (QAF), the inability to completely contract the quadriceps muscle due to altered neural signaling [9, 13] , has been identified as a mechanism contributing to the lingering strength deficits following ACL reconstruction [25] . The changes in neural signaling associated with QAF reduce alpha motoneuron recruitment and/or firing rate, allowing only portions of the quadriceps to be volitionally utilized during exercise [13] . Clinically, rehabilitation professionals see QAF manifest as quadriceps weakness [9] . Although QAF is believed to be a natural response designed to protect the knee joint from further damage [13] , persistent QAF impedes the inability to achieve complete muscle activation during strength training and creates a barrier to successful rehabilitation [14, 30] .
Prior investigations have found a link between pre-and post-operative quadriceps strength and function, demonstrating greater strength and function pre-operatively leads to better outcomes post-operatively [5, 7, 21, 32] . Given that quadriceps strength, is in part dependent on volitional muscle activation [34] , it seems plausible that better preoperative quadriceps activation may also contribute to better quadriceps function at a time when individuals return to activity following ACL reconstruction. Understanding the relationship between pre-and post-operative quadriceps activation and strength is clinically important, as the counteractive approach clinicians should employ pre-operatively to mitigate post-operative quadriceps weakness is unclear and no investigation has systematically evaluated this relationship. As such, examining the impact of preoperative quadriceps activation on post-operative quadriceps function will help to identify if restoring quadriceps activation should be a focus of pre-operative rehabilitation. Simply put, this investigation is needed, as it can help to justify if clinicians should focus on delivering pre-operative therapies that aim to remove or reverse QAF.
Thus, in order to direct care and improve rehabilitative techniques, the primary purpose of this investigation was to examine if pre-operative quadriceps activation was related to the level of post-operative activation and strength at a time when individuals were returned to activity following ACL reconstruction. Our primary hypothesis was that pre-operative quadriceps activation would be positively related to post-operative quadriceps strength and activation, wherein individuals with greater levels of quadriceps activation prior to surgery would return to sport with greater levels of quadriceps activation and strength. Furthermore, consistent with the current literature, we anticipated that strength prior to ACL reconstruction would be positively related to post-operative quadriceps strength. To help provide baseline context of the relationship between QAF and quadriceps strength at the pre-and post-operative time points, we included the contralateral, noninjured limb in this analysis. Though there are inherent issues with utilizing the contralateral limb as control post-ACL injury, as potential contralateral quadriceps strength deficits have been reported [11] , using the contralateral limb as a control is a commonly employed and a clinically acceptable technique [3, 19, 23, 33] .
Materials and methods
Fifty-four individuals scheduled for ACL reconstruction with a bone-patellar tendon-bone graft were invited to participate in this study (Table 1) . Potential participants were excluded if they had a previous history of surgery to either knee, suffered a previous ACL injury, or had a known heart condition. Pregnant females were also excluded. Surgical reports were obtained to report any concomitant meniscal damage that required surgical intervention (Table 1) . Informed consent was obtained from all subjects and approved by the University's Institutional Review Board prior to testing. The details of the post-operative rehabilitation protocol can be found in Appendix 1. All participants completed standard post-operative rehabilitation at one orthopedic outpatient clinic. The rehabilitation protocol consisted of two to three physical therapy appointments per week beginning during the first post-operative week and concluding approximately 7 months post-surgery. The program emphasized full knee extension range of motion immediately and knee flexion as tolerated, progression of functional exercises, quadriceps re-education and muscle strengthening. Variation between rehabilitation protocols existed based on concomitant meniscal surgery, age, and individual's response to treatment.
Overview of testing scheme
All participants were tested on two separate occasions: Post-ACL injury but prior to ACL reconstruction and post-ACL reconstruction once patients had been cleared by their orthopedic surgeon to return back to activity (i.e., competitive sport, recreational sport, or activities of daily living, Table 1 ). To be cleared for activity all participants were required to complete a basic 3-week agility program and a leg press test (Appendix 2). If a patient was unable to successfully pass the leg press test, or did not complete the agility program, their clearance for participation was delayed until both of these criteria were met. No other objective return-to-activity criterion is used at this clinic.
At each testing session, measurements of QAF and quadriceps strength were assessed in both the ACL injured/reconstructed limb and the contralateral limb. In addition to these measures of quadriceps function, participant's self-reported function was quantified at the pre-and post-operative time point using the Tegner [1] and International Knee Documentation Committee Form (IKDC) [12] (Table 1 ). The Tegner and IKDC forms are two widely used questionnaires among researchers and clinicians that are capable of measuring patient reported outcomes of knee function with good reliability and validity (IKDC, r = 0.47-0.66, ICC = 0.92-0.95 [15] ; Tegner, r = 0.46 [1] , ICC = 0.90-0.97 [35] ).
Quadriceps strength and QAF measurement
To assess quadriceps strength, patients were positioned with their hips flexed to 90°, their back supported, and their testing leg and torso securely strapped into an isokinetic dynamometer (Biodex System 3, Biodex Medical Systems, Shirley, NY, USA). At each testing session, participants were asked to perform maximal voluntary isometric contractions (MVICs) with the testing knee flexed to 90°. There was no limit to the number of MVIC trials a participant could perform, but contractions were ceased when an improvement in torque was no longer evident. This procedure helped to ensure that each participant's MVIC was achieved and has been used by others [26] . The maximal knee extension torque produced across trials was normalized to body weight and used for statistical analysis. Participants were allowed sufficient rest time between contractions and measures to ensure an accurate assessment of torque.
To quantify quadriceps activation the superimposed burst technique was utilized [17] , wherein the peak torque recorded from the MVIC trials was inputted into a custom written program (LabVIEW version 8.5, National Instruments, Austin, TX, USA) set to deliver a supramaximal electrical stimulus (100 pulses/s, 600 μs pulse duration, 10 pulse train, 130 V) to the quadriceps muscle once the maximal knee extension torque had been reached and then subsequently dropped by one Nm [26] . The electrical stimulus was delivered through two self-adhesive stimulating electrodes [Dura-Stick II (7 × 13 cm) Chattanooga Group, Hixson, TN, USA] applied over the vastus lateralis muscle proximally and the vastus medialis distally using a Grass S88 Dual Output Square Pulse Stimulator (S88, Grass Technologies, West Warick, RI, USA) with an SIU8T Transformer Stimulus Isolation Unit (SIU8T, Grass Technologies, West Warick, RI, USA) attached. Volitional activation of the quadriceps was quantified using the central activation ratio (CAR) formula (Eq. 1), wherein the subject's peak torque generated immediately prior to the delivery of the stimulus was divided by the peak torque generated as a result of the electrical stimulus and multiplied by 100. A CAR of 100 was used to represent complete quadriceps activation [16] . CAR values that were ≥90 were considered to be 'normal' and/or representative of a healthy CAR value [17, 29] . The maximal CAR value (i.e., trial that displayed the least amount of QAF) that was collected was used for statistical analysis.
This investigation was approved by the University of Michigan IRBMED (Approval # HUM00016184). Prior to testing, all participants provided written informed consent.
Statistical analysis
Sample size was estimated using an a priori power analysis based on previous work examining the ability of pre-operative quadriceps strength to predict post-operative quadriceps strength [24] . In order to detect associations with a α-level of 0.05 and the 1 − β 0.80, it was determined that 37 participants would be needed for this investigation.
(1) Central Activation Ratio = MVIC MVIC + SIB * 100
Multiple linear regressions in both the ACL and contralateral limb were utilized to examine the relationships between (1) pre-operative activation and post-operative isometric strength, (2) pre-operative activation and post-operative activation, and (3) pre-and post-operative isometric strength. All linear regression models met the assumptions of linearity, normality, independence, and homogeneity of variance. Due to inclusion of participants with concomitant meniscus injury and subsequent repair, meniscal surgery was entered as a covariate in each of the regression models to detect if additional surgical procedures had an affect on these relationships. To measure the recovery of quadriceps strength in the ACL limb, the quadriceps index (Eq. 2) [19] was utilized to quantify isometric strength deficits at the pre-and post-operative time point in the ACL limb as compared to the contralateral limb. Paired t tests were then utilized to detect the difference between pre-and postoperative quadriceps activation, strength in the ACL limb, contralateral limb as well as the quadriceps index. Additionally, paired t tests were utilized to detect differences in patient self-reported function at the pre-and post-operative time points. The α-level was set a priori at P ≤ 0.05. Statistical analysis was performed using the Statistical Package CARs) in the ACL limb after reconstruction compared to the pre-operative time point (t 53 = 5.283, P ≤ 0.001, Table 2 ). No difference in quadriceps activation was found in the contralateral limb between time points (t 53 = 0.446, P = n.s., Table 2 ). Fig. 3b ]. It was also found that participants demonstrated significantly less quadriceps isometric strength (t 53 = 3.422, P = 0.001) and a lower quadriceps index (t 53 = 4.091, P ≤ 0.001, Table 2 ) at the post-operative time point as compared to pre-operative time point. No difference in quadriceps strength was found in the contralateral limb between time points (t 53 = −1.478, P = n.s., Table 2 ).
Self-reported function
Self-reported function was found to be significantly greater post-ACL reconstruction at a time when individuals were returned to activity than prior to surgery (Tegner: t 53 = −10.689, P ≤ 0.001; IKDC: t 53 = −9.744, P ≤ 0.001; Table 1 ).
Discussion
The primary purpose of this investigation was to examine the relationship between pre-operative quadriceps QAF and post-operative quadriceps activation and strength following ACL reconstruction. Investigating the relationship between quadriceps activation and strength could help to advance pre-operative rehabilitation protocols by identifying modifiable factors of quadriceps function that can be treated prior to surgery that improve post-operative outcomes.
The most important finding of this present study was that greater pre-operative quadriceps activation and strength are moderately [4] , and positively, related to greater postoperative quadriceps activation and strength in both the affected and unaffected limbs. Quadriceps activation in the ACL limb prior to surgery was not related to post-operative strength. Simply put, individuals with greater quadriceps activation and strength prior to surgery demonstrated greater levels of quadriceps function at return to activity, which clinically indicates that treatments that can reduce pre-operative quadriceps dysfunction should be employed to improve post-operative outcomes.
Relationship between pre-operative quadriceps activation and post-operative quadriceps strength Pre-operative quadriceps activation was positively related to post-operative strength in the contralateral (Fig. 1b) , but not the ACL limb (Fig. 1a) . This result in the contralateral limb was expected given that volitional muscle activation has been found to be related to strength in healthy individuals [34] , and examining this result across time points should not change this relationship. This finding in the ACL reconstructed limb was unexpected, as previous research has established that quadriceps activation is related to strength in ACL deficient individuals [3, 23, 38] . As such, we had anticipated that greater levels of pre-operative quadriceps activation would be positively associated with post-operative strength in both the ACL and contralateral limb. It is possible that the failure to establish a relationship in the ACL limb between pre-operative activation and post-operative strength resulted from a change in mediators of QAF from the pre-operative to post-operative time point. The current literature indicates that several triggers of QAF, such as pain, effusion, or altered afferent input from the damaged ACL, are likely present and contribute in combination to strength deficits following ACL injury and reconstruction [9, 25, 30] . Moreover, the central mechanisms that may mediate QAF such as descending cortical inhibition, pre-synaptic inhibition, Ib inhibition, and/or recurrent inhibition may have also varied between the two time points. Hence, it is possible that pre-operative QAF may be triggered and mediated by different factors than post-operative QAF, which may have affected strength differently at each time point and limited the potential relationship between pre-operative QAF and post-operative isometric strength. Further complicating this relationship is the trauma induced by surgical reconstruction of the ligament as well as concomitant injury/subsequent repair, which may increase the magnitude of QAF from the pre-to post-operative time point [7] . Given that our participants demonstrated significantly more QAF post-operatively compared to pre-operative (Table 2) , our data support this theory that surgery may induce a higher level of QAF. Unfortunately, though our measure of QAF (superimposed burst) was able to detect a change in volitional muscle activation due to a reduction in motor unit recruitment and/or firing rate [16] , the SIB measure does not specifically identify the mechanisms of QAF at work in the ACL injured/reconstructed limb. Furthermore, because the CAR is measured during maximal muscle contractions, this approach only estimates activation under complete maximal effort, although it is widely accepted and commonly employed post-reconstruction [9, 17] . Given that 100 % of muscle activation has not been found to be physiologically possible [8] , supplementing this measure with a variety of neural tests that can assess varying degrees of volitional effort (rest, sub maximal and maximal) that may be more related to functions of daily activity seems to be justified. To accomplish this, and provide more comprehensive neural testing, investigators may choose to use measurement techniques such as the Hoffmann reflex, V-wave, interpolated twitch, and/or transcranial magnetic stimulation. Ultimately, it is important to note that quadriceps activation and strength can be affected by a variety of factors, and at this point in time, it is unknown what triggers and mechanism(s) contribute to QAF in ACL deficient and reconstruction patients.
Relationship between pre-operative quadriceps activation and post-operative quadriceps activation Previous investigations have found that patients with greater pre-operative quadriceps strength have greater strength post-operatively [5, 7, 32] , but our work is the first to examine the relationship between pre-and post-operative activation. As quadriceps activation is an estimate of motorneuron pool excitability and is therefore thought to represent the proportion of the muscle that one is capable of voluntarily contracting, we had expected to find that having a greater portion of the muscle available prior to surgery would be beneficial for post-operative quadriceps activation (Fig. 2) . This result indicates that quadriceps activation prior to surgery is an important component of quadriceps function at return to activity, and in part, justifies clinical rationale as to why mitigating pre-operative QAF is important to post-operative outcomes. The difficulty with this finding is that our results seem to indicate that ACL surgery induces a greater level of QAF than ACL injury itself ( Table 2 ). This finding raises the question of how effective pre-operative treatments can be if the greatest amount of QAF is induced post-surgery. This question remains unanswered and requires more research. Furthermore, although we know post-operative QAF impedes strength gains [13, 14] , it is unknown what impact QAF has on other clinically meaningful functional outcomes such as knee mechanics and performance based measures. Though previous investigators have shown that alterations in quadriceps electromyographic activity post-ACL reconstruction are related to functional activities such as gait [2] , the link between QAF and function is less clear. Given this gap in the literature, future work should focus on the affect that post-operative quadriceps activation has on more functional outcomes (e.g., other than strength) to study to what extent alterations in volitional muscle activation affect clinically relevant measures of function.
Relationship between pre-operative quadriceps strength and post-operative quadriceps strength
Our results indicate that pre-operative quadriceps isometric strength was positively related to the recovery of post-operative strength (Fig. 3a) . This finding is in agreement with previous work by Eitzen et al. [7] , Shelbourne and Johnson [32] , and de Jong et al. [5] . These investigators utilized isokinetic strength measures at 60°/s [5, 7] and 180°/s [5, 32] and found that individuals with better pre-operative quadriceps strength demonstrated greater post-operative quadriceps strength [5, 7, 32] , better performance during hoping tasks [5, 7] , and higher levels of self-reported function [7] . Thus, individuals with greater strength post-ACL injury, but prior to ACL reconstruction, may not experience as much early post-operative muscle weakness and may be able to regain strength better in the ACL limb than those with less pre-operative strength. Notably, it was found that our patients had substantial strength deficits at the post-operative time point as compared to pre-operative ( Table 2 ). The current literature recommends that individuals are returned to sport once sideto-side strength deficits (or quadriceps indices) are within ~10 % [6, 31, 37] . Though these recommendations may seem to be conservative in nature, recent work indicates that strength deficits >10 % are associated with alterations in knee mechanics during gait [6] as well as decreased performance during functional tasks [31] . Given that our participants have an average strength deficit of 28 % at return to play, it seems reasonable to deduce that this strength imbalance is hazardous to future knee joint function and health. Equally important, this data indicates that the clinical leg press test utilized to clear participants for sport is not sensitive enough to detect clinically meaningful deficits in quadriceps strength. Taken together, these findings further emphasis the need for clinicians and researchers to continue to work to identify therapeutic approaches capable of minimizing post-operative strength deficits and to employ clinical tools such as isokinetic testing at return to play that are capable of objectively measuring strength.
Self-reported function
Self-reported function quantified via the Tegner and IKDC forms was found to be improved post-ACL reconstruction. This finding was not surprising, given that pre-operative levels of self-reported function are expected to be low. Though self-reported function improved after surgery, again it is important to note that our subjects had IKDC scores that are below clinical recommendations of 90 % (Table 2 ) [6] . Similar to our strength data, these results seem to indicate that individuals may have benefitted from a longer physical therapy regime, as they have not met clinical recommendations for return to sport.
Concomitant meniscal surgery
Due to the potential of concomitant injury and additional surgical procedures to cause alterations in quadriceps function, we included concomitant meniscal surgeries as a covariate in our analyses [14] and found that it did not influence our results (Figs. 1, 2, 3 ).
Recommendations for future work
Future work would benefit from examining pre-operative rehabilitation techniques/therapies that are capable of positively influencing post-operative quadriceps function. Though previous work has found that interventions incorporating quadriceps strength and perturbation training prior to ACL reconstruction can positively influence post-operative gait as well as quadriceps strength [10] , limited information on the effectiveness of pre-operative therapies is available. Given the deleterious consequences of persistent quadriceps weakness [27] and the findings of this investigation as well as others [5, 7, 32] , it seems continued investigation of pre-operative interventions that can target and successfully combat the factors of post-operative quadriceps dysfunction is needed. In addition to these pre-operative rehabilitation considerations, future work would also benefit from examining the role of muscle atrophy. Krishnan and Williams [18] have shown that quadriceps atrophy is a major contributor to weakness following ACL reconstruction and found that in individuals 2-15 years post-ACL reconstruction quadriceps atrophy is a more significant contributor than QAF to post-operative strength deficits. As such, analyzing factors such as alterations in muscle morphology, in addition to the neural and strength measures that were utilized in this investigation would provide a more comprehensive analysis of overall knee joint function post-injury and reconstruction. Furthermore, obtaining serial post-operative measures (e.g., once a month) and tracking post-operative rehabilitation schemes would allow for a more in-depth analysis of how pre-operative factors affect the magnitude of recovery (or change) and how therapies can positively affect postoperative quadriceps function.
Conclusion
Individuals with better pre-operative quadriceps activation demonstrated greater post-operative activation. Likewise, individuals with better pre-operative strength demonstrated better post-operative strength. Pre-operative quadriceps activation was not a predictor of post-operative strength. Taken together, our work provides an initial first step toward clarifying the effect of pre-operative quadriceps function on post-operative outcomes, and clinically indicates that treatments that can improve quadriceps strength and activation prior to surgery should be employed to improve post-operative quadriceps function at return to activity.
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Appendix 1
See Table 3 .
Appendix 2: Clinic specific return to play criteria
To be cleared for activity all participants were required to complete a leg press test and basic three-week agility program.
Leg press test
To pass the leg press test, the clinical protocols require that patients need to complete at least 15 repetitions at 100 % of body weight with the involved limb from a resting neutral position to a depth of 90° of knee flexion. This test is performed while subjects are in a recumbent, supine position with their ACL limb in contact with the platform. No other strength tests are utilized by the clinic for Agility exercise descriptions
Side shuffles
In a defensive stance, run sideways (laterally) with trailing foot stepping to the leading foot.
Carioca's
Run sideways (laterally) by alternately crossing trailing leg in front of the leading leg and then crossing trailing leg behind the leading leg.
Quick step
Place a line on the floor. On toes, quickly step forward over the line with both feet, then step backward over the line, emphasizing quickness. 
Box cut
Use the basketball key or similar size area. Start on the baseline at one of the corners. Run forward to the freethrow line. Change direction on your outside leg and side shuffle across the free-throw line. Plant on your outside leg and run backward to the baseline. Change direction on your outside leg and side shuffle back to your starting position. Repeat beginning from the opposite corner you started from.
Base running
Use softball or little league bases. If you are inside, just use half a basketball court. Starting from home plate, run bases with rounded turns like you normally would. Repeat in the opposite direction.
